Objective Our objective was to evaluate the cost effectiveness of the combination of nivolumab and ipilimumab, referred to as "Regimen", as a first-line treatment for patients with advanced melanoma from the perspective of Canada's public healthcare system. Methods We developed a partitioned-survival model (progression-free survival, post-progression survival, and death) to determine the clinical and economic outcomes of immunotherapy for advanced melanoma over a 20-year time horizon. Regimen was compared with nivolumab, ipilimumab, and pembrolizumab. Two treatment durations for pembrolizumab were considered: (1) maximum of 24 months or until progression or (2) no maximum duration, until progression. The model used data from CheckMate-067 (28 months' follow-up) for treatments involving nivolumab and ipilimumab. The efficacy of pembrolizumab was estimated using indirect comparisons. A scenario looking at the cost of subsequent treatments following disease progression was examined. Results Regimen had better outcomes and was cost effective compared with all other immunotherapies at a threshold of $CAN100,000 per quality-adjusted life-year (QALY) gained. Compared with nivolumab and ipilimumab, the incremental cost-effectiveness ratios (ICERs) were $CAN47,119 and 66,750 per QALY, respectively. Compared with pembrolizumab with a treatment duration cap, the ICER was $CAN85,436. When assuming no duration cap, Regimen dominated pembrolizumab. With the inclusion of subsequent treatment costs following progression, Regimen's ICER improved compared with all other comparators. Conclusions Despite the advent of effective new therapies for advanced melanoma, prognosis remains poor for some patients. Compared with other immunotherapies, Regimen offers marked benefit and may be a cost-effective treatment option.
Background
Advanced melanoma is the deadliest form of skin cancer, with an estimated 1250 deaths annually and an agestandardized mortality rate of 3.1 per 100,000 in Canada [1] . For 15-20% of patients, melanoma will progress to metastatic disease, resulting in a high mortality rate [2, 3] .
Immune checkpoint-blocking antibodies and combination BRAF inhibitor therapies have now become the standard of care in Canada and have significantly improved progression-free survival (PFS), overall survival (OS), and objective response rate (ORR) over chemotherapy [4] [5] [6] [7] [8] . However, BRAF inhibitors are effective in only the approximately 50% of the patient population with a BRAF V600 mutation [9] . Immunotherapies, on the other hand, can have lasting benefits regardless of BRAF status. The combination of nivolumab and ipilimumab, referred to as "Regimen", represents the next generation in immuno-oncology treatment.
Regimen has demonstrated significantly longer PFS, higher ORR, and higher OS rates than ipilimumab alone in the CheckMate-067 and CheckMate-069 studies [10, 11] . In a descriptive analysis, Regimen resulted in a numerically greater median PFS (11.5 vs. 6.9 months) and ORR (58 vs. 44%) than nivolumab, including in patients with poor prognostic factors [11, 12] such as high lactate dehydrogenase (LDH) or stage M1c disease. Regimen was associated with increased toxicity compared with ipilimumab, as expected a priori, but toxicity was manageable and often addressed with discontinuation of the drug [12] . This did not appear to impact clinical benefit [11, 13, 14] .
Health Canada issued a Notice of Compliance with Conditions in October 2016, based on reporting of the co-primary endpoint PFS from findings of the CheckMate-067 trial (database lock February 2015, minimum follow-up 12.2-12.5 months across all groups). An update on the second co-primary endpoint, OS, has recently been made available, showing improved survival with Regimen [15] .
Following this approval, the next question to address is the health economic impact of Regimen compared with other treatments in the Canadian market. Therefore, the objective of this study was to evaluate the cost effectiveness of Regimen as a first-line treatment for previously untreated patients with unresectable stage IIIC or IV melanoma.
Methods

Overview
We developed a partitioned-survival model to determine the long-term clinical and economic outcomes of immunotherapy management for advanced melanoma over a 20-year time horizon. The model approach was selected because (1) it enables transparent representation of the health states, (2) clinical trial data can be used directly to capture key efficacy endpoints, and (3) it is commonly used for late-stage oncology models as treatments are often measured by their ability to delay the inevitable progression of disease in addition to prolonging survival. Partitioned-survival models have been previously used to evaluate the cost effectiveness of pembrolizumab in advanced melanoma [16, 17] . The choice of a 20-year time horizon was based on the pan-Canadian Oncology Drug Review (pCODR) for ipilimumab, which reported that a time horizon of 10-20 years is reasonable for patients with advanced melanoma receiving first-line treatment [18] .
The model took the perspective of Canada's public healthcare system (Ontario Ministry of Health and LongTerm Care), and only direct medical costs ($Can, year 2016 values) were captured. Life-years and quality-adjusted lifeyears (QALYs) were also captured. Both costs and outcomes were discounted at 5% annually, according to the Canadian Agency for Drugs and Technologies in Health (CADTH) guidelines for economic evaluation of health technologies at the time the study was conducted [19] .
Regimen was compared with nivolumab, pembrolizumab, and ipilimumab, as they are indicated for advanced melanoma and are the most commonly used immunotherapies in Canada.
Model Structure
The main health states in the model were PFS, post-progression survival (PPS), and death, and the time within each state was based on the PFS and OS observed in trials. The proportion of patients in the PPS state was simply OS minus PFS, and death was one minus OS (Fig. 1) . Patients entered the model in the progression-free state, where they received first-line treatment until discontinuation or progression. These patients were divided by treatment response, which impacts quality of life [20] .
A weekly cycle was used, which provided the flexibility to precisely assign drug costs for intravenous treatments with different dosing frequencies (e.g., the Regimen starting dose was every 3 weeks, and the maintenance dose was every 2 weeks). Although the cycle length is short, a half-cycle correction was still employed, in accordance with good modeling practice [21] .
Overall Survival and Progression-Free Survival
OS for Regimen, nivolumab, and ipilimumab was informed by the CheckMate-067 trial (at least 28 months' follow-up) and extrapolated over the model time horizon using standard statistical analyses. It is important to note that, at the time of this model analysis, the median OS had not been reached in the Regimen arm; therefore, the extrapolations should be interpreted with caution.
Different parametric functions, including Weibull, lognormal, log-logistic, exponential, generalized gamma, and Gompertz, were fitted to the observed OS data for Regimen, nivolumab, and ipilimumab (details are available in Appendix A in the Electronic Supplementary Material [ESM]). Goodness of fit was based on visual inspection, Akaike information criterion (AIC), and clinical validity.
We determined that log-normal was the most reasonable function to extrapolate OS in all three treatments (Fig. 2) .
The mortality rate in each model cycle was checked against a background mortality based on the general population. The background mortality was based on the complete life table from Canada between 2010 and 2012, the most recent data available [22] . However, the model survival projection never met the background mortality at any point of the time horizon.
As for PFS for the treatments in CheckMate-067, we determined that a one-segment parametric function did not accurately capture the quickly changing hazard observed in the first 12 weeks, the point of the first evaluation for response. Therefore, a piecewise approach was followed and PFS up to 12 weeks was taken directly from the Kaplan-Meier (KM) data. A parametric function fitted to the post-12-week PFS was used for the long-term projection. Log-normal was found to have the most reasonable fit for this post-12-week period for all three treatments (Fig. 3 
Indirect Comparison for Pembrolizumab
A simple chained indirect comparison using Bucher methodology was performed to determine the relative treatment effect of pembrolizumab (details can be found in Appendix B in the ESM). Ipilimumab served as the common comparator between CheckMate-067 and KEYNOTE-006. KEY-NOTE-002 was added to this network to allow comparison with the dose of pembrolizumab indicated in Canada. The included trials were evaluated for similarity in patient characteristics and potential treatment-effect modifiers. It was assumed that proportional hazards were not violated and that a single hazard ratio (HR) could be used to describe the relative difference between the treatments. The analysis found the HRs for pembrolizumab 2 mg/kg every 3 weeks relative to ipilimumab for OS was 0.78 (95% confidence interval [CI] 0.55-1.10) and PFS was 0.67 (95% CI 0.49-0.92). At the time of this model analysis, the median OS for KEY-NOTE-006 was not reached, so the HRs should be interpreted with caution.
Treatment Duration
Treatment durations for Regimen and for nivolumab were based on KM data of time to treatment discontinuation from CheckMate-067. Parametric functions were fitted to the KM data to extrapolate beyond the data. Log-logistic had the best fit for both treatments (details are available in Appendix A in the ESM). The ipilimumab component of Regimen was given in up to four doses (over a total of 3 months) or until discontinuation. Time on treatment data for pembrolizumab from KEY-NOTE-006 were not published and could not be modeled; instead, two scenarios for treatment duration were modeled based on clinician feedback. The first scenario assumed that pembrolizumab was administered for 24 months or until disease progression, according to the product monograph [23] . The second scenario assumed pembrolizumab would be administered until progression without any maximum duration. Ipilimumab was administered for up to four doses or until progression [24] . 
Best Objective Response
Best objective response rates to first-line treatment, used as predictors for quality-of-life estimates in the model, were collected from each comparator's trial. The response rates for Regimen, nivolumab, and ipilimumab were 59, 45, and 19%, respectively [12] . The response rate for pembrolizumab 2 mg/kg was estimated through an indirect treatment comparison, utilizing the same simple network of trials used to estimate the relative PFS and OS for pembrolizumab. The analysis yielded a response rate of 28%.
Adverse Events
A list of common toxicities associated with the treatments incorporated in this analysis was compiled by examining the relevant clinical trial publications and the manufacturer's product monographs for the comparators and by eliciting input from clinicians about adverse events (AEs) that were costly to manage or impacted utility. The resulting list, presented in Table 1 , consists of treatment-related grade 3 and 4 AEs.
Value Clinical Outcomes
The model applied utilities for advanced melanoma health states elicited from the Canadian general public using the standard gamble method (Table 2 ) [20] . EuroQol-5 Dimensions, 3 Levels (EQ-5D-3L) data were collected during CheckMate-067 (Appendix C in the ESM) but were not used for the base-case analysis because the utilities from the Canadian study were considered to be more reflective of a Canadian population. However, the utility data from CheckMate-067 were examined in sensitivity analysis.
Resource Use and Costs
All costs used in the model are presented in Table 2 . The dosing regimens were derived from the corresponding phase III clinical trials and product monographs. In calculating the drug cost per dose, we assumed that patients with advanced melanoma have an average weight of 70 kg and an average body surface area of 1.83 m 2 , based on average patient characteristics reported in recent pCODR submissions. These recent submissions for injectable immunotherapies in melanoma-namely ipilimumab, nivolumab, and pembrolizumab-consistently used an average weight of 70 kg to calculate doses [25] [26] [27] . Drug wastage was part of the base-case analysis, in which the cost of excess drug that may have been discarded was considered.
The nivolumab component of Regimen was assigned the administration cost of a standard chemotherapy agent. Since ipilimumab requires an infusion that lasts for 90 min, an administration cost for special single-agent chemotherapy was employed.
Costs for routine follow-up care and unplanned medical care were assigned to each health state. To inform the inputs for frequency of medical resource use, we interviewed Dr. David Hogg, MD, FRCP(C), a clinical expert in melanoma and treatment patterns in Canada. He advised on the frequency of routine physician visits and consultations, imaging and diagnostic tests, and clinical laboratory tests. Unplanned medical resource use (MRU) consisted of hospitalizations, emergency room visits, healthcare provider visits, and radiotherapy. Data on unplanned MRU were from a Canadian chart review study (MELODY study) [28] , with review and adjustments by a clinician. We assumed that unplanned MRU was the same across treatments, which the clinician considered reasonable. Subsequent cancer treatments could have a significant impact on overall costs and, because of the uncertainty of the breakdown of treatments following pembrolizumab, we decided to not model the cost of these treatments in postprogression. This assumption is considered conservative, since OS implicitly captures the efficacy of subsequent treatments. Nevertheless, we evaluated the inclusion of subsequent cancer treatment costs in scenario analysis.
The costs of terminal care involved palliative care physician visits every 2 weeks for the last 2 months of life and hospice care [29] .
The costs of treating AEs were calculated as weighted averages using a clinician's assumptions of the split between inpatient and outpatient care in Canada. Inpatient and outpatient costs for each AE were identified through the Ontario Case Costing Initiative Tool. These costs were 
Results
External Validation
The projection of OS for Regimen and ipilimumab was compared with long-term OS data from a pooled analysis of ipilimumab, which included two phase III, five phase II, and three phase I/II trials and two observational studies [30] . With this level of variability in design, comparison of the study's findings with the OS projection is not ideal but will provide some confirmation of the shape of the projected survival curves.
With up to 10 years of follow-up, the survival curve from the pooled analysis began to plateau around year 3, with a survival rate of 22%. This plateau is in line with the OS projections for Regimen, nivolumab, and ipilimumab (see Appendix D in the ESM), which are based on a log-normal distribution-this type of distribution has a long and gradually declining tail. Despite heterogeneity in the patient populations of the pooled analysis (e.g., different lines of treatment), the projected ipilimumab OS in the model was within 10% of the 10-year mark of the pooled analysis.
OS projections for Regimen and ipilimumab were also compared with results from CheckMate-069, which showed that, at a median follow-up of 24.5 months, OS was 63.8% (95% CI 53.3-72.6) for patients assigned to Regimen and 53.6% (95% CI 38.1-66.8) for those assigned to ipilimumab alone. Differences between arms were not statistically significant, but this is likely attributed to crossover, as 62% of patients in the ipilimumab arm of CheckMate-069 had crossed over to receive anti-programmed cell death 1 (PD1) treatment [10, 31] . Model projections for OS are in line with the observations from CheckMate-069, with 62.8% OS projected with Regimen and 44.9% with ipilimumab alone.
Base Case
Over a 20-year time horizon, patients treated with firstline Regimen were projected to have more life-years, progression-free life-years, and QALYs than those receiving nivolumab, ipilimumab, or pembrolizumab. Table 3 shows a breakdown of discounted costs by treatment phase among 
Multi-way Sensitivity and Scenario Analyses
Sensitivity analyses, which tested the effect of the high and low ranges of the model's parameters on model results, were performed to identify key model drivers; results are presented in Appendix C in the ESM. Several scenarios in the sensitivity analyses required adjustments to several inputs simultaneously, making this a multi-way analysis. Key drivers included parameters associated with drug costs (e.g., treatment duration, patient weight, and drug wastage), parametric functions for projecting OS and PFS, relative treatment effect for pembrolizumab, time horizon, discounting, and inclusion of subsequent treatment costs. All scenarios yielded ICERs within the threshold of $CAN50,000-100,000 per QALY gained. The sensitivity analysis did not find that AEs influenced overall results. Although the incidence of AEs was higher with Regimen, the costs of AEs were relatively small compared with those for other medical resources. The scenario examining subsequent treatments following disease progression assumed that the clinical benefits of these subsequent treatments were implicitly captured in the OS data; therefore, only the costs of these subsequent treatments were modeled. The distribution of the specific subsequent treatments was based on observations from CheckMate-067. Data on subsequent treatments were not available for pembrolizumab. Therefore, this was assumed to equal the distribution of subsequent treatments following nivolumab, with the exception of the proportion of patients continuing onto pembrolizumab; these patients were assigned the cost of nivolumab. Accounting for subsequent treatment costs led to an improvement in Regimen's ICER vs. all comparators relative to the base case (vs. nivolumab: $CAN16,898 [64% decrease]; vs. ipilimumab: $CAN59,149 [11% decrease]; vs. pembrolizumab with a 24-month treatment cap: $CAN75,682 [11% decrease]), since a lower proportion of patients treated with Regimen continued on to high-cost subsequent systemic treatments such as ipilimumab and targeted therapies. Improved efficacy with Regimen, in terms of lower post-progression life-years, also affected the amount of time patients spent receiving subsequent treatments.
Probabilistic Sensitivity Analysis
A probabilistic sensitivity analysis (PSA) was conducted to account for multivariate and stochastic uncertainty in the model. The uncertainty in the individual parameters was characterized using probability distributions and analyzed using Monte Carlo simulation (1000 iterations , suggesting that deterministic results were robust in light of uncertainty in all parameters. PSA was also conducted to determine the likelihood of a treatment being cost effective at different willingness-to-pay (WTP) thresholds when compared across comparators (Fig. 4) . Regimen started to become the most cost-effective treatment among all comparators at the WTP level of $CAN89,000.
Discussion
Compared with all other immunotherapies, Regimen yielded ICERs within the threshold of $CAN50,000-100,000 per QALY gained. When following the product monograph for pembrolizumab, which recommends treat to progression, Regimen resulted in cost savings with improved survival, making it dominant over pembrolizumab. Regimen's cost effectiveness compared with ipilimumab is in line with pembrolizumab in Canada. In a cost-effectiveness analysis of pembrolizumab in Canada sponsored by Merck, the ICER compared with ipilimumab was $CAN81,091 [17] .
Relative to all other model parameters, drug cost was the primary driver of cost effectiveness. AEs had a minimal impact on model outcomes.
The scenario examining inclusion of subsequent treatment costs following progression showed an improvement in Regimen's cost effectiveness compared with all other comparators. These results were driven by Regimen's improved PFS (reducing need for subsequent therapies) and composition of subsequent treatments observed in CheckMate-067.
Study Limitations
An important limitation of this economic analysis is that the median for the OS data in CheckMate-067 has not yet been met, leading to uncertainty in the long-term projections. To address this, the standard practice of testing different parametric models for extrapolation beyond observed data was performed and extrapolations were verified with external data.
There is further uncertainty in the efficacy in Regimen's primary comparison, pembrolizumab at 2 mg/kg. This dosage of pembrolizumab was not studied in the first-line setting. Therefore, PFS and OS for pembrolizumab 2 mg/kg were estimated through an indirect comparison that captured the observed difference in efficacy between pembrolizumab 2 mg/kg and 10 mg/kg in KEYNOTE-002. Moreover, at the time of this model analysis, the median OS for KEY-NOTE-006 was not reached, creating uncertainty in the projection of survival.
The model considered two scenarios for treatment duration of pembrolizumab in Canada based on separate recommendations from pCODR and the product monograph. However, whether pembrolizumab's efficacy derived from clinical trials reflects the pCODR recommendation to administer until 24 months or until progression is uncertain. As data from CheckMate-067 did not show loss of response upon early discontinuation, it can be assumed that earlier discontinuation on pembrolizumab does not entirely affect clinical benefit. Moreover, evidence from the CA209-003 trial suggests continued response and durable survival with a 96-week (22-month) treatment cap [32] .
Study Strengths
The model employed recent trial data to inform significant endpoints. PFS and OS for Regimen and ipilimumab alone were based on a minimum of 28 months of follow-up data from CheckMate-067, which was the most recent trial at the time of this study.
External validation (i.e., comparison of model projections with other data not used in the model) showed that the shape of the distributions used in the model to project OS were consistent with the 10-years follow-up data from the pooled analysis of ipilimumab studies (see Sect. 3.1). External validation of projections for OS with Regimen also showed consistency with OS data from CheckMate-069. At 24.5 months (median follow-up for CheckMate-069), the model estimated 63.6% OS compared with 63.8% in CheckMate-069.
The cost-effectiveness findings of our study for Regimen vs. ipilimumab are consistent with a separate cost-effectiveness study in the UK that examined different structural approaches to estimating survival [33] . The model utilized Canada-specific utilities in the base case, which makes the model findings more targeted to a Canadian population. Interestingly, in the multi-way sensitivity analyses, the model assessed the impact of using the utility derived from CheckMate-067 instead and found that this did not greatly affect results (10% increase in ICER vs. ipilimumab, 11% increase vs. nivolumab, 2% increase vs. pembrolizumab with 24-month treatment cap).
Conclusion
This study suggests that Regimen is a valuable and costeffective first-line treatment for patients with advanced melanoma and is similar in cost effectiveness to currently listed immunotherapy options in Canada.
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